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INTRODUCTION 
To prevent structural failure of a mine roof, fully 
grouted bolts are used in situations where mechanically 
anchored bolts are inadequate for providing support. Fully 
grouted bolts have a greater area of contact with the rock, 
which allows for development of higher anchorage ca- 
pacities. This is one reason why the use of grouted bolts 
has been increasing since the mid-1970's. 
Even so, roof falls have occurred in areas supported by 
fully grouted bolts. Generally, bolting patterns for 
required roof control plans are based on past practices, 
which, in turn, have been derived from trial and error. As 
a result, overdesign may result in unnecessary cost or 
underdesign may allow roof falls. 
To ensure the safe and efficient use of fully grouted 
bolts, it is necessary to develop guidelines for selection of 
bolt type, diameter, spacing, and length, given specific 
geologic conditions. Numerical m o d e m  is one approach 
to solving this design problem. A numerical model can be 
used to aid in the determination of effective bolt type, 
diameter, spacing, and length by considering factors such 
as geology, discontinuities, time effects, mine geometries, 
and in situ field stresses. Types of numerical models 
include finite element, boundary element, and distinct 
element. Development of any of these models necessitates 
adequate definition of the mechanics of interaction 
between the bolt and the mine roof. 
The behavior of ground support systems that incor- 
porate grouted roof bolts has been studied by many 
people. Several theoretical approaches for evaluating and 
designing the appropriate length and spacing of grouted 
bolts have been formulated (1-11); numerical models of 
grouted bolt systems have been developed (12-13), and 
empirical approaches based on rock mass identification 
and classification have been proposed (14). Laboratory 
models have been created to study the effects of shear 
resistance of grouted bolts and to determine how shear 
resistance produces beam building in mine roofs (15-17). 
Bolts have been instrumented with strain gauges and 
studied both in the laboratory and in situ (18-25). 
However, the mechanics of interaction among parts of the 
grouted bolt system (bolt, grout, and mine rock) have not 
been well defined or verified. 
The Bureau of Mines has undertaken a study to im- 
prove the understanding of how fully grouted bolts interact 
with the mine rock to provide support. Work has begun 
at Bureau research centers to provide a fundamental 
knowledge of how to design, install, and evaluate fully 
grouted roof bolt systems properly. The objective of the 
study at the Spokane Research Center is to increase the 
understanding of the load-transfer mechanics of fully 
grouted bolts through comparing numerical models to 
laboratory and field test results. This will lead to devel- 
opment of methods for more accurate designing of roof 
support using fully grouted bolts. The benefits to be 
gained are substantial. Proper design and evaluation pro- 
cedures could decrease the number of roof falls, which 
would increase both safety and productivity. 
The approach taken in this study was to control as 
many variables as possible to establish a baseline of 
information. Each variable was then studied to determine 
its effect on the interaction mechanics. 
For this reason, work began with investigations of the 
axial elastic behavior of grouted bolts installed in concrete 
blocks. The compressive strength of these blocks was 
comparable with that of a typical shale roof. Over 50 pull 
tests were performed in the laboratory on grouted bolts 
instrumented with strain gauges to measure load changes 
along the length of the bolt. Applied loads were restricted 
to the elastic range of the steel. Variations were made in 
hole size, bolt length, grout type, and grout strength. 
Results from an axisymmetric finite-element numerical 
model was compared with these test results and is detailed 
in reference 1. 
To determine if the results  fro^ the laboratory tests 
could be applied to conditions encountered in mine rock, 
similar tests were performed at four different coal mines 
in Colorado, Illinois, and Pennsylvania. The comparisons 
between the laboratory tests and field tests are detailed in 
this report. 
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L O A D  T R A N S F E R  M E C H A N I C S  
o f  t h e  i n s t a l l a t i o n ;  t h e  s m o o t h n e s s  O F  t h e  d r i l l  h o l e ;  a n d  
w s s i b l v  o t h e r  f a c t o r s  s u c h  a s  m o u t  a n n u l u s .  W e a k e r  
T h e  r e d i s t r i b u t i o n  o f  f o r c e s  a l o n g  a  b o l t  i s  t h e  r e s u l t  o f  
m o v e m e n t  i n  t h e  r o o f  s t r a t a .  T h i s  m o v e m e n t  m a y  b e  
v e r t i c a l  ( s t r a t a  s e p a r a t i o n )  o r  h o r i z o n t a l  ( s t r a t a  s l i p p a g e ) .  
O n e  m e c h a n i s m  t h a t  r e t a r d s  s t r a t a  s l i p p a g e  i s  a  d o w e l i n g  
e f f e c t  c r e a t e d  w h e n  t h e  g r o u t  a n d  b o l t  c o m p l e t e l y  f i l l  t h e  
h o l e .  S t r a t a  s e p a r a t i o n  i s  r e s i s t e d  b y  t h e  a x i a l  s t r e n g t h  o f  
t h e  r o o f  b o l t .  T h i s  s t u d y  w i l l  e x a m i n e  o n l y  t h e  a x i a l  r e -  
s p o n s e  o f  t h e  b o l t  s y s t e m .  
L o a d  i s  t r a n s f e r r e d  b e t w e e n  t h e  b o l t  a n d  t h e  r o c k  b y  
s h e a r  r e s i s t a n c e  i n  t h e  g r o u t .  T h i s  r e s i s t a n c e  c o u l d  b e  t h e  
r e s u l t  o f  a d h e s i o n  a n d / o r  m e c h a n i c a l  i n t e r l o c k i n g .  A d -  
h e s i o n  i s  a n  a c t u a l  b o n d i n g  o r  g l u i n g  a m o n g  t h e  g r o u t ,  t h e  
s t e e l ,  a n d  t h e  r o c k ;  a n d  m e c h a n i c a l  i n t e r l o c k  i s  a  k e y i n g  
e f f e c t  c r e a t e d  w h e n  g r o u t  f i l l s  i r r e g u l a r i t i e s  b e t w e e n  t h e  
b o l t  a n d  t h e  r o c k .  A d h e s i o n  i s  c o n s i d e r e d  b y  s o m e  
r e s e a r c h e r s  t o  b e  t h e  p r i m a r y  m e a n s  o f  s h e a r  r e s i s t a n c e  i n  
a  g r o u t e d  b o l t  s y s t e m .  H o w e v e r ,  t e s t  b o l t s  w e r e  e x a m i n e d  
a n d  s h o w e d  n o  a d h e s i o n  b e t w e e n  t h e  g r o u t - b o l t  o r  g r o u t -  
r o c k  i n t e r f a c e s .  
M e c h a n i c a l  i n t e r l o c k  w i l l  t r a n s f e r  l o a d  b e t w e e n  t h e  
s t e e l  b o l t ,  t h e  g r o u t ,  a n d  t h e  r o c k  t h r o u g h  c o n t a c t  s u r f a c e s .  
B o l t  h o l e  w a l l s  h a v e  v o i d s  a n d  i r r e g u l a r i t i e s  r e s u l t i n g  f r o m  
b o t h  t h e  d r i l l i n g  p r o c e s s  a n d  v a r i a t i o n s  i n  r o o f  l i t h o l o g y .  
S t e e l  b o l t s  a r e  r o l l e d  w i t h  r i b s  t o  p r o v i d e  a n  i r r e g u l a r  
s u r f a c e .  G r o u t  f i l l s  t h e s e  i r r e g u l a r i t i e s  a n d  v o i d s  i f  t h e  
b o l t  i s  p r o p e r l y  i n s t a l l e d .  W h e n  l o a d  d e v e l o p s  i n  t h e  b o l t ,  
s t r e s s  c o n c e n t r a t i o n s  o c c u r  b e t w e e n  t h e  i r r e g u l a r i t i e s  i n  
t h e  b o l t  h o l e  w a l l s  a n d  t h e  r o l l e d  r i b s  o f  t h e  s t e e l .  T h i s  
l o c a l i z e d  s t r e s s  c o n c e n t r a t i o n  c o u l d  e x c e e d  t h e  s t r e n g t h  o f  
t h e  g r o u t  a n d / o r  r o c k ,  r e s u l t i n g  i n  l o c a l i z e d  c r u s h i n g  t h a t  
a l l o w s  a d d i t i o n a l  d e f l e c t i o n  i n  t h e  s t e e l .  T h e  l e n g t h  
r e q u i r e d  f o r  m e c h a n i c a l  i n t e r l o c k  t o  t r a n s f e r  a l l  t h e  l o a d  
f r o m  t h e  b o l t  t o  t h e  r o c k  i s  t h e  a n c h o r a g e  l e n g t h .  
.2 
g r o u t  a n d / o r  r o c k  m a y  r e q u i r e  l o n g e r  a n c h o r a g e  l e n g t h s  
b e c a u s e  o f  r e d u c e d  s h e a r  s t r e n g t h .  P r o p e r  i n s t a l l a t i o n  o f  
t h e  b o l t  s y s t e m  i s  c r i t i c a l  t o  i t s  p e r f o r m a n c e .  I f  t h e  g r o u t  
i s  i n a d e q u a t e l y  m i x e d ,  i s  o v e r s p u n ,  o r  i s  g l o v e  f i n g e r e d ,  
t h e n  t h e  c a p a c i t y  o f  t h e  g r o u t  t o  p r o v i d e  m e c h a n i c a l  i n t e r -  
l o c k  i s  s e v e r e l y  i m p a i r e d .  G l o v e  f i n g e r i n g  o c c u r s  w h e n  
p a r t s  o f  t h e  p l a s t i c  w r a p p e r  o f  t h e  r e s i n  c a r t r i d g e  i s  n o t  
s h r e d d e d  d u r i n g  i n s t a l l a t i o n .  
V a r i o u s  t y p e s  o f  a x i a l  f a i l u r e  c a n  o c c u r  w h e n  u s i n g  
g r o u t e d  b o l t s .  F a i l u r e  c a n  t a k e  p l a c e  i n  t h e  b o l t ,  t h e  
g r o u t ,  t h e  r o c k ,  o r  a t  t h e  b o l t - g r o u t  o r  g r o u t - r o c k  i n t e r -  
f a c e s .  T h e  t y p e  o f  a x i a l  f a i l u r e  d e p e n d s  o n  t h e  c h a r a c t e r i s -  
t i c s  o f  t h e  s y s t e m  a n d  t h e  m a t e r i a l  p r o p e r t i e s  o f  i n d i v i d u a l  
e l e m e n t s .  
I f  t h e  b o l t  h a s  s u f f i c i e n t  l e n g t h  t o  t r a n s f e r  a l l  t h e  b o l t  
l o a d  t o  t h e  r o c k ,  t h e n  t h e  b o l t  w i l l  f a i l  i f  t h e  u l t i m a t e  
s t r e n g t h  o f  t h e  b o l t  i s  l e s s  t h a n  w h a t  i s  r e q u i r e d  t o  s u p p o r t  
t h e  r o c k  l o a d .  A d j u s t m e n t s  i n  t h e  d e s i g n  o f  b o l t  s p a c i n g ,  
l e n g t h ,  d i a m e t e r ,  a n d  s t r e n g t h  m u s t  b e  m a d e  s o  t h a t  t h e  
c a p a c i t y  o f  t h e  b o l t i n g  s y s t e m  i s  s u f f i c i e n t .  
T h e  s t e e l  i s  s t r o n g e r  a n d  m o r e  d u c t i l e  t h a n  t h e  g r o u t  
a n d  t h e  r o c k .  F o r  t h i s  r e a s o n ,  l o c a l i z e d  f a i l u r e  w i l l  o c c u r  
i n  t h e  g r o u t  a n d / o r  t h e  r o c k  a f t e r  l o a d i n g  h a s  e x c e e d e d  
t h e  t e n s i l e  s t r e n g t h .  A f t e r  t h e  s t e e l  h a s  e x c e e d e d  y i e l d ,  
t h e n  t h i s  l o c a l i z e d  f a i l u r e  i n  t h e  g r o u t  a n d  r o c k  w i l l  e n a b l e  
t h e  s t e e l  y i e l d  t o  p r o g r e s s  a l o n g  t h e  b o l t  l e n g t h .  
I f  t h e  b o l t  h a s  i n s u f f i c i e n t  l e n g t h  t o  t r a n s f e r  t h e  b o l t  
l o a d  t o  t h e  r o c k ,  t h e n  l o c a l i z e d  f a i l u r e  w i l l  o c c u r  a t  t h e  
w e a k e s t  a r e a  a n d  w i l l  p r o g r e s s  u n t i l  e i t h e r  e q u i l i b r i u m  i s  
e s t a b l i s h e d  o r  f a i l u r e  o c c u r s ,  s o  t h a t  t h e  b o l t  n o  l o n g e r  
p r o v i d e s  s u p p o r t .  P r e v e n t i o n  o f  t h i s  t y p e  o f  f a i l u r e  r e -  
q u i r e s  a d j u s t m e n t s  i n  t h e  d e s i g n  o f  t h e  b o l t  l e n g t h  a n d  
p o s s i b l y  t h e  b o l t  s p a c i n g .  
T h e  a n c h o r a g e  l e n g t h  d e p e n d s  o n  thck m a & r i a l  p r o p  
e r t i e s  o f  t h e  s t e e l ,  t h e  g r o u t ,  a n d  t h e  r o c k ;  t h e  q u a l i t y  
T E S T  P R O C E D U R E S  
B O L T  L O A D I N G  
P u l l  t e s t s  a r e  r o u t i n e l y  p e r f o r m e d  o n  r o o f  b o l t s  i n  
u n d e r g r o u n d  m i n e s  t o  e v a l u a t e  a n c h o r a g e  c a p a c i t y .  T h i s  
s t u d y  u s e d  a  p u l l - t e s t  p r o c e d u r e  t o  i n v e s t i g a t e  t h e  t r a n s f e r  
o f  a p p l i e d  l o a d  f r o m  t h e  b o l t h e a d  t o  t h e  r o c k .  T h e  r a t e  a t  
w h i c h  l o a d  w a s  t r a n s f e r r e d  o u t  o f  t h e  b o l t  a n d  i n t o  t h e  
r o c k  w a s  m e a s u r e d  w i t h  i n s t r u m e n t e d  r o o f  b o l t s .  
F i g u r e  1  s h o w s  t h e  p u l l - t e s t  g e a r  a r r a n g e m e n t .  T h e  
p u l l - t e s t  g e a r  c o n s i s t s  o f  a  p u l l  c o l l a r  p l a c e d  a t  t h e  
b o l t h e a d .  O v e r  t h i s  c o l l a r  a  c r o w ' s  f o o t  i s  a t t a c h e d ,  w h i c h ,  
i n  t u r n ,  i s  c o n n e c t e d  t o  a  t h r e a d e d  r o d .  F o r c e  i s  a p p l i e d  
t o  t h e  h e a d  o f  t h e  b o l t  b y  a  h y d r a u l i c  r a m  t h a t  i s  a c t i v a t e d  
b y  a  h a n d  p u m p .  T h e  a p p l i e d  f o r c e  i s  m o n i t o r e d  w i t h  a  
p r e s s u r e  g a u g e  a n d  a  p r e s s u r e  t r a n s d u c e r .  
W h e n  l o a d  i s  a p p l i e d  t o  t h e  s y s t e m ,  t h e  b o l t h e a d  w i l l  
d e f l e c t .  T h e s e  d e f l e c t i o n s  a r e  m e a s u r e d  a t  t h e  e n d  o f  t h e  
p u l l  g e a r  b y  a  d i a l  g a u g e ,  w h i c h  i s  a c c u r a t e  t o  w i t h i n  
0 . 0 0 1  i n .  F o r  t h e  l i n e a r  e x p e r i m e n t s ,  f o r c e  w a s  a p p l i e d  t o  
t h e  b o l t h e a d  i n  i n c r e m e n t s  o f  1 , 8 3 0  l b f ,  b e g i n n i n g  a t  
M O  l b f  a n d  e n d i n g  a t  1 2 , 8 0 0  l b f ,  w h i c h  i s  a p p r o x i m a t e l y  
8 0  p c t  o f  t h e  y i e l d  o f  t h e  b o l t .  T h e  a p p l i e d  f o r c e  a t  t h e  
b o l t h e a d  w a s  m a i n t a i n e d  a t  e a c h  l e v e l  f o r  5  m i n  s o  t h e  
s y s t e m  c o u l d  s t a b i l i z e  b e f o r e  r e a d i n g s  w e r e  t a k e n .  T h r e e  
l o a d i n g  c y c l e s  w e r e  c o n d u c t e d  f o r  e a c h  t e s t .  T h e  d a t a  
w e r e  r e d u c e d  u s i n g  a  l i n e a r  r e l a t i o n s h i p  b e t w e e n  v o l t a g e  
c h a n g e  a n d  l o a d  c h a n g e  a n d  w e r e  p l o t t e d  t o  d e t e r m i n e  t h e  
f o r c e  i n  t h e  b o l t  a t  s i x  g a u g e d  s t a t i o n s ,  a s  e x p l a i n e d  i n  t h e  
s e c t i o n  o n  i n s t r u m e n t a t i o n .  
T h e  a p p l i e d  l o a d  f o r  t h e  t e s t s  c o n d u c t e d  p a s t  t h e  y i e l d  
p o i n t  o f  t h e  s t e e l  w a s  i n c r e a s e d  i n c r e m e n t a l l y  u n t i l  t h e  
s t r a i n  g a u g e s  f a i l e d .  
Pull c o l l a r  
H y d r a u l i c  r a m  
G r o u t e d  b o l t  A d j u s t i n g  nu t  D e f l e c t i o n  g a u g e  
//H \\ 
7////7 
P r e s s u r e  g a u g e  
S t r a i n  g a u g e  
l e a d  w i r e s  
C r o w ' s  f o o t  
P r e s s u r e  t r a n s d u c e r s  
\ H y d r a u l i c  j a c k  
Figure 1 .-PuU-test gear arrangement 
INSTRUMENTATION 
The bolts used in this study were slotted with two 
continuous cuts along the length of the bolt, and strain 
gauges were attached (fig. 2). Each slot was 0.25 in wide 
and 0.125 in deep. This configuration allowed up to six 
gauges to be placed along one side of the bolt. The 
gauges were positioned in pairs on each side of the bolt to 
account for any bending effects and to provide redundancy. 
All bolts were grade 40, No. 6 steel bars with forged 
heads, and all were from the same lot. (However, tests 
conducted on the bolts indicated a yield point comparable 
with grade 50 steel.) 
Typically, instrumented bolts measure strain, and the 
load is then calculated using the modulus of elasticity and 
the area of the bolt. This method presents problems 
because the area of the bolt cross section is not well de- 
fined, and gauge alignment is critical in obtaining accurate 
results. In this experiment, strain gauges were installed on 
the bolts and, using statistical methods, were calibrated in 
a uniaxial tension machine to correlate voltage change 
directly with load. This technique eliminated problems of 
area reduction, gauge location, and localized 
inconsistencies in the bolt and produced excellent test 
results having good repeatability. The procedure is 
presented in more detail in the appendix. 
four mines had shale roofs in the test areas. The bolts 
were installed off pattern in recently cut roof. 
At the Colorado test site (mine I), a Micromeasure- 
ment P-3500 Strain Indicator4 was used to measure strain 
changes. The strain readings were converted to load by 
using calibration factors obtained from prior laboratory 
axial tension tests. At the next three test sites in l ' o i s  
and Pennsylvania (mines 2, 3, and 4), a port'ible data 
acquisition system collected data from the strain gauges 
and pressure transducer and stored the raw voltage read- 
ings for later computer reduction. The system provided 
5-V excitation to a full bridge configuration. Details of 
this system are also included in the appendix. 
Bolt holes at mine 1 were dried using water, while bolt 
holes at the other three mines were drilled with a dry 
vacuum system. At mine 2, the vacuum system on the 
drilling machine did not work. Therefore, the holes had to 
be brushed to remove accumulated dust. It was found that 
hole diameters at this test site were larger than normal, 
which caused two bolts to have a partial grout column and 
required using a thin wire to measure them. Test results 
from these two bolts were not averaged with the other 
results. Five bolts were tested at mine 1 and three bolts 
were tested at each of the other mines. 
TEST SITES 4 ~ e f e n n c e  to specific products docs not imply endorsement by the 
Bureau of Mines. 
Tests were performed at four different coal mines, one 
in Colorado, two in Illinois, and one in Pennsylvania; all 
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E l e c t r i c a l  s t r a i n  g a u g e s  
F l g u r e  2 . - G a u g e  l o c a t i o n s  o n  I n s t r u m e n t e d  b o l t s .  P u l l  c o l l a r s  r e d u c e  d i s t a n c e  f r o m  r o o f l i n e  b y  1  I n .  
T E S T  R E S U L T S  
R e a d i n g s  f r o m  t h e  b o l t s  i n s t a l l e d  a t  m i n e s  2 ,  3 ,  a n d  4  
w e r e  a v e r a g e d  a n d  t h e  r e s u l t s  a r e  s h o w n  i n  f i g u r e  3 .  E a c h  
c u r v e  r e p r e s e n t s  l o a d  d e c a y  a l o n g  t h e  b o l t  l e n g t h  a n d  w a s  
0  6  1 2  1 8  2 4  3 0  3 6  4 2  
D I S T A N C E  F R O M  B O L T H E A D ,  i n  
F i g u r e  3 . - A v e r a g e  f l e l d  t e s t  r e s u l t s .  
e s t a b l i s h e d  f r o m  r e a d i n g s  o f  t h e  l o a d  o n  t h e  b o l t s  a n d  
s t r a i n  g a u g e s .  T h e  l e n g t h  n e c e s s a r y  t o  t r a n s f e r  a l l  t h e  l o a d  
f r o m  t h e  b o l t  t o  t h e  r o c k  v a r i e d  s l i g h t l y  a f t e r  4 , 0 0 0  l b f  o f  
l o a d  h a d  b e e n  a p p l i e d .  T h e  s l o p e  o f  e a c h  c u r v e  i s  a n  i n d i -  
c a t i o n  o f  t h e  s t i f f n e s s  o f  t h e  s y s t e m .  I n c r e a s i n g  t h e  l o a d  
r e s u l t e d  i n  h i g h e r  s t i f f n e s s e s ,  i n d i c a t i n g  t h a t  m e c h a n i c a l  
i n t e r l o c k  a m o n g  t h e  b o l t ,  t h e  g r o u t ,  a n d  t h e  r o c k  w a s  t h e  
p r i m a r y  m e c h a n i s m  f o r  t r a n s f e r e n c e  o f  l o a d .  I f  a d h e s i o n  
w e r e  t h e  p r i m a r y  m e c h a n i s m  o f  l o a d  t r a n s f e r ,  t h e n  t h e  
s t i f f n e s s  w o u l d  b e  t h e  s a m e  f o r  a l l  e l a s t i c  l o a d s  a n d  t h e  
a n c h o r a g e  l e n g t h  w o u l d  s i g n i f i c a n t l y  i n c r e a s e  a s  a  f u n c t i o n  
o f  a p p l i e d  l o a d .  
E L A S T I C  T E S T S  
E l a s t i c  t e s t s  i n  w h i c h  g r o u t  t y p e ,  h o l e  s i z e ,  a n d  b o l t  
l e n g t h  w e r e  v a r i e d  w e r e  c o n d u c t e d  i n  t h e  l a b o r a t o r y  o n  
o v e r  5 0  b o l t s .  R e s u l t s  i n d i c a t e d  t h a t  2 2  i n  o f  b o l t  l e n g t h  
w a s  r e q u i r e d  t o  t r a n s f e r  9 0  p c t  o f  t h e  l o a d  f r o m  t h e  b o l t  
t o  t h e  r o c k .  P o l y e s t e r  r e s i n  a n d  g y p s u m  g r o u t  w e r e  u s e d  
w i t h  a  3 / 4 - i n  b o l t  a n d  i n s t a l l e d  i n  1 - i n  h o l e s .  B e c a u s e  
a d e q u a t e  m i x i n g  o f  g y p s u m  g r o u t  d i d  n o t  p o s e  a  p r o b l e m ,  
t h i s  g r o u t  w a s  u s e d  t o  t e s t  3 / 4 - i n  b o l t s  i n  1 - 3 / 8 - i n  h o l e s .  
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Figure 4.-Comparison of resub. A, Fleld tests, laboratory 
tests, and numerical model; B, standard devlatlons, field tests 
versus laboratory tern. 
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Flgure 5.-Average results from mine 1. 
These variations in grout type and hole size had no 
statistically significant effect. An axisymmetric model was 
created to match stress distributions and bolt defections 
with those from the laboratory tests. 
Figure 44 shows a comparison of load distributions 
along the lengths of 4-ft bolts using an applied load of 
12,800 lbf for laboratory and field tests and the numerical 
model. Figure 4B compares the standard deviations 
derived from 50 bolts used in the laboratory work with 
7 bolts from the field tests. These results show that bolts 
installed in shale required slightly longer lengths to 
transfer load between the bolt and the rock compared with 
bolts used in the laboratory tests. Standard deviations 
were larger for the field results. This is to be expected 
because of geological variations. Plots of the results of all 
field tests are included in the appendix. 
The roof at mine 1 contained layers of weaker rock. 
Test results from five bolts installed and tested at this 
mine reflected the presence of these weaker layers as 
changes in the rate of load transfer. A weaker layer 
requires a longer anchorage length compared with that 
needed in stronger rock. The stiffness of the bolting 
system decreases in the weaker zones. Figure 5 shows a 
plot of data from one of the bolts tested at mine 1. Three 
bolts were installed and tested in mines 53, and 4, a total 
of nine bolts. 
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Figure 6.-Results from tests conducted past yleld strength of 
steel bolt 
POSTYIELDING TESTS 
Comparatively small amounts of roof movement are 
required to cause a bolt to exceed the yield point of the 
steel. However, the steel used for grouted roof bolts is 
ductile and can sustain a large amount of deflection before 
it fails. After each bolt was tested in the elastic range, a 
test was conducted in which each bolt was loaded past the 
yield point of the steel. Typical test results are shown in 
figure 6, and the rest of the plots are included in the 
appendix. 
Monitoring strain gauges until loads pass the yield point 
of the steel presents several problems. When a steel bolt 
yields, readings from the strain gauges are inaccurate past 
5,000 microstrain. Another problem is caused as the bolt- 
head stretches, sometimes more than 2 in. This deforma- 
tion can cause the lead wires to the strain gauges to stretch 
and break. This stretch will change the resistance, which 
changes the relationship between electrical readings and 
load. 
F o r  t h e s e  r e a s o n s ,  t h e  l o a d  i n  a  b o l t  i s  r e p r e s e n t e d  i n  
R e a d i n g s  w e r e  t a k e n  u n t i l  t h e  g a u g e s  n o  l o n g e r  f u n c -  
t h e  p l o t s  a s  t h e  a p p l i e d  l o a d  a f t e r  y i e l d i n g  h a s  o c c u r r e d  a t  
t i o n e d  p r o p e r l y .  T h e  d e p t h  o f  y i e l d  a l o n g  t h e  d i f f e r e n t  
t h a t  s t a t i o n .  B e f o r e  t h e  s t e e l  b o l t  y i e l d s ,  t h e  g r o u t  w i l l  
b o l t  l e n g t h s  v a r i e d  s i g n i f i c a n t l y  f r o m  3 . 5  i n  ( s t a t i o n  1 )  
r e a c h  i t s  p e a k  s h e a r  s t r e n g t h  a n d  b e g i n  t o  f a i l .  H o w e v e r ,  
t o  2 1 . 5  i n  ( s t a t i o n  4 ) .  B e c a u s e  o f  t h e  p r o b l e m s  a l r e a d y  
l o a d  i s  s t i l l  t r a n s f e r r e d  b e t w e e n  t h e  b o l t  a n d  t h e  r o c k  b y  
m e n t i o n e d ,  t h e  d e p t h  o f  y i e l d i n g  c o u l d  b e  f a r t h e r  a l o n g  t h e  
t h e  r e s i d u a l  s h e a r  s t r e n g t h  o f  t h e  g r o u t .  F o r  t h i s  r e a s o n ,  
b o l t  l e n g t h ,  b u t  t h a t  i n f o r m a t i o n  w a s  n o t  p r a c t i c a l l y  
t h e  a c t u a l  l o a d  i n  t h e  b o l t  w i l l  b e  l e s s  t h a n  t h e  a p p l i e d  o b t a i n a b l e .  
l o a d .  T h e  s t r a i g h t  l i n e  r e p r e s e n t e d  i n  t h e  y i e l d  z o n e  i s  n o t  
a  t r u e  r e p r e s e n t a t i o n  o f  l o a d  d i s t r i b u t i o n .  
C O N C L U S I O N S  
T h e  r e s u l t s  f r o m  t h e  a x i a l  e l a s t i c  t e s t s  c o n d u c t e d  o n  
g r o u t e d  b o l t s  i n s t a l l e d  i n  s h a l e  c o m p a r e d  w e l l  w i t h  t h e  
r e s u l t s  f r o m  p r e v i o u s  l a b o r a t o r y  w o r k  a n d  n u m e r i c a l  
m o d e l i n g  a s  d e t a i l e d  i n  r e f e r e n c e  1 .  T h e  a v e r a g e  a n -  
c h o r a g e  l e n g t h  f o r  b o l t s  i n s t a l l e d  i n  s h a l e  w a s  s l i g h t l y  
l o n g e r  t h a n  f o r  b o l t s  i n s t a l l e d  i n  c o n c r e t e  b l o c k s .  T h e  
f i e l d  r e s u l t s  s h o w e d  m o r e  v a r i a b i l i t y .  
T e s t s  c o n d u c t e d  p a s t  t h e  y i e l d  p o i n t  o f  t h e  s t e e l  i n d i -  
c a t e d  t h a t  t h e  y i e l d  z o n e  w i l l  v a r y  f r o m  b o l t  t o  b o l t  a n d  
w i l l  t r a n s l a t e  d o w n  t h e  l e n g t h  o f  t h e  b o l t  a n y w h e r e  f r o m  
4  t o  2 2  i n .  I f  t h e r e  i s  s u f f i c i e n t  l e n g t h  o f  b o l t  p a s t  t h e  
y i e l d  z o n e ,  t h e n  t h e  l o a d  w i l l  t r a n s f e r  f r o m  t h e  b o l t  t o  t h e  
r o c k ,  s i m i l a r  t o  t h e  r e s p o n s e  s h o w n  i n  t h e  e l a s t i c  t e s t s .  
T h i s  m e a n s  t h a t  g r o u t e d  b o l t s  c a n  s t i l l  b e  a n  e f f e c t i v e  
s u p p o r t  p a s t  t h e  y i e l d  p o i n t  o f  t h e  s t e e l  p r o v i d e d  t h e r e  i s  
e n o u g h  l e n g t h  t o  d e v e l o p  e l a s t i c  d e c a y .  
P u l l  t e s t s  a r e  r o u t i n e l y  c o n d u c t e d  o n  g r o u t e d  b o l t s  t o  
e v a l u a t e  a n c h o r a g e  c a p a c i t y  a n d  i n s t a l l a t i o n  q u a l i t y .  R e -  
s u l t s  f r o m  t h i s  r e s e a r c h  s h o w  t h a t  t h e  l o a d  a p p l i e d  d u r i n g  
a  s t a n d a r d  p u l l  t e s t  i s  d i s s i p a t e d  i n t o  t h e  r o c k  w i t h i n  2 4  i n  
o f  t h e  b o l t h e a d .  H o w e v e r ,  a n c h o r a g e  a t  t h e  e n d  o f  t h e  
b o l t ,  w h i c h  i s  c r i t i c a l  f o r  p r o p e r  s u p p o r t ,  i s  n o t  b e i n g  
t e s t e d .  T h e r e f o r e ,  i t  i s  v e r y  d i f f i c u l t  t o  e v a l u a t e  p r o p e r l y  
t h e  c a p a c i t y  o f  a  g r o u t e d  b o l t  b y  a  s t a n d a r d  p u l l  t e s t .  A d -  
d i t i o n a l  i n s t r u m e n t s ,  s u c h  a s  s t r a i n  g a u g e s ,  a r e  r e q u i r e d  
t o  p r o v i d e  a  c o m p l e t e  a s s e s s m e n t  o f  g r o u t e d  b o l t s .  
T h e s e  r e s u l t s  c a n  b e  u s e d  a s  a  g u i d e  w h e n  s e l e c t i n g  
g r o u t e d  b o l t s  f o r  s u p p o r t  o f  c o a l  m i n e  r o o f s .  H o w e v e r ,  
t e s t s  s h o u l d  b e  c o n d u c t e d  f o r  s p e c i f i c  r o o f  c o n d i t i o n s  t o  
g a i n  a  t h o r o u g h  u n d e r s t a n d i n g  o f  t h e  m a t e r i a l  s t r e n g t h s  o f  
t h e  i m m e d i a t e  r o o f  i n  s p e c i f i c  m i n e s .  
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A P P E N D I X . - C A L I B R A T I O N  P R O C E D U R E S  A N D  D A T A  R E D U C T I O N  
T h e  c a l i b r a t i o n  p r o c e d u r e  u s e d  a  l i n e a r  s t a t i s t i c a l  
r e g r e s s i o n  a n a l y s i s  t o  e s t a b l i s h  t h e  r e l a t i o n s h i p  b e t w e e n  
a p p l i e d  l o a d  a n d  v o l t a g e  c h a n g e .  T o  e n s u r e  a c c u r a c y ,  d a t a  
f o r  t h e  c a l i b r a t i o n  o f  e a c h  b o l t  w e r e  t a k e n  f r o m  t h r e e  
l o a d i n g  c y c l e s .  T h e  a p p l i e d  l o a d  w a s  l i m i t e d  t o  t h e  e l a s t i c  
r a n g e  o f  t h e  s t e e l .  T h e  v o l t a g e  c h a n g e  f o r  e a c h  g a u g e  w a s  
s t a t i s t i c a l l y  c o r r e l a t e d  t o  t h e  l o a d  t o  o b t a i n  a  s l o p e  a n d  a n  
i n t e r c e p t .  I f  v a r i a t i o n s  l a r g e r  t h a n  0 . 5  p c t  w e r e  f o u n d ,  
t h e n  t h e  g a u g e  w a s  r e p l a c e d .  C a l i b r a t i o n s  f o r  e a c h  g a u g e  
o n  e a c h  b o l t  w e r e  s t o r e d  i n  a  c o m p u t e r  f i l e  a n d  w e r e  u s e d  
t o  r e d u c e  t h e  e x p e r i m e n t a l  v o l t a g e  r e a d i n g s  t o  v a l u e s  f o r  
l o a d  a u t o m a t i c a l l y  a n d  t o  p l o t  t h e  r e s u l t s  w i t h o u t  m a n u a l  
d a t a  m a n i p u l a t i o n .  T y p i c a l l y ,  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  
p r e d i c t e d  l o a d  v a l u e  u s i n g  a  l e a s t  s q u a r e s  l i n e a r  f i t  w a s  
a p p r o x i m a t e l y  + 5 0  l b f .  T h i s  m e a n t  t h a t  t h e  s t r a i n  g a u g e s  
o n  t h e  b o l t  m e a s u r e d  t h e  l o a d  t o  w i t h i n  1 0 0  I b f .  T h i s  
p r o c e d u r e  p r o d u c e d  e x c e l l e n t  t e s t  r e s u l t s  w i t h  g o o d  
r e p e a t a b i l i t y .  
c o m p o n e n t s  o f  t h e  s y s t e m  w e r e  b a t t e r y  p o w e r e d  f o r  
p o r t a b i l i t y ,  h o w e v e r ,  t h i s  s y s t e m  w a s  n o t  p e r m i s s i b l e  a n d  
h a d  t o  b e  u s e d  i n  f r e s h  a i r .  
T e s t  D a t a  
L i n e a r  
T h e  f o l l o w i n g  p l o t s  ( f i g s .  A - 1  t h r o u g h  A - 4 )  a r e  t h e  
r e s u l t s  o f  p u l l  t e s t s  c o n d u c t e d  i n  t h e  e l a s t i c  r a n g e  o f  t h e  
b o l t s .  E a c h  t e s t  w a s  a n  a v e r a g e  o f  t h r e e  r u n s .  L o a d  i n  a  
b o l t  w a s  o b t a i n e d  b y  c o n v e r t i n g  v o l t a g e  r e a d i n g s  t o  l o a d  b y  
c a l i b r a t i o n  f a c t o r s  o b t a i n e d  f o r  e a c h  g a u g e .  A t  m i n e  2 ,  
t w o  b o l t s  h a d  i n s u f f i c i e n t  g r o u t  t o  f i l l  t h e  h o l e  c o m p l e t e l y ,  
r e s u l t i n g  i n  a  p a r t i a l  c o l u m n  o f  g r o u t .  T h e  t e s t  r e s u l t s  
f r o m  t h e s e  t w o  b o l t s  s h o w e d  s i m i l a r  l o a d  t r a n s f e r  c h a r -  
a c t e r i s t i c s  f r o m  t h e  s t a r t  o f  t h e  g r o u t  c o l u m n  ( f i g .  A - 2 ) .  
P o s t y i e l d  
D E T A I L S  O F  T E S T  E Q U I P M E N T  
T h e  d a t a  a c q u i s i t i o n  s y s t e m  c o n s i s t e d  o f  a  H e w l e t t -  
P a c k a r d  ( H P )  3 4 2 1 A  d a t a  l o g g e r ,  a  H P 4 1 C X  c a l c u l a t o r  
w i t h  a  H P - I L  i n t e r f a c e ,  a  H P 8 2 1 6 2 . 4  p r i n t e r ,  a n d  a  
H P 8 2 1 6 1 A  d i g i t a l  c a s s e t t e  d r i v e .  T h i s  s y s t e m  w a s  u s e d  t o  
p r o v i d e  5  V  o f  e x c i t a t i o n  t o  a  W h e a t s t o n e  b r i d g e ,  m e a -  
s u r e  t h e  v o l t a g e  c h a n g e s ,  a n d  r e c o r d  t h e  r e a d i n g s  o n  
m a g n e t i c  t a p e  f o r  l a t e r  d a t a  r e t r i e v a l  a n d  p r o c e s s i n g .  A U  
T h e  f o l l o w i n g  p l o t s  ( f i g s .  A - 5  t h r o u g h  A - 8 )  a r e  t h e  r e -  
s u l t s  o f  p u l l  t e s t s  c o n d u c t e d  p a s t  t h e  y i e l d  p o i n t  o f  t h e  
s t e e l  b a r .  Y i e l d  is r e p r e s e n t e d  b y  a  s t r a i g h t  l i n e ;  h o w e v e r ,  
t h i s  i s  n o t  a  t r u e  r e p r e s e n t a t i o n  o f  t h e  l o a d  i n  t h e  b o l t .  
W h e n  t h e  a p p l i e d  l o a d  p a s s e d  t h e  y i e l d  p o i n t  o f  t h e  s t e e l ,  
s t r e t c h i n g  ( a n d  i n  s o m e  c a s e s ,  f a i l u r e )  o f  t h e  l e a d  w i r e s  
p r o d u c e d  u n c e r t a i n  r e s u l t s .  
DISTANCE FROM BOLTHEAD, in 
Figure Al-Results from elastic test, mine 1. A, Bolt 1; 8, 
bolt 2; C, bolt 3; D, bolt 4; E, bait 5. 
DISTANCE FROM BOLTHEAD, in 
Figure A-2.-Result. from elantic test, mine 2. A, Bolt 1; B, 
bolt 2; C, bolt 3. 
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D I S T A N C E  F R O M  B O L T H E A D ,  i n  
F i g u r e  A - 3 . - R e s u b  f r o m  e l a s t i c  t e s t ,  m i n e  3 .  A ,  B o l t  1 ;  8 ,  
b o l t  2 ;  C ,  b o l t  3 .  
0  6  1 2  1 8  2 4  3 0  3 6  4 2  
D I S T A N C E  F R O M  B O L T H E A D ,  i n  
F i g u r e  A 4 - R e u i b  f r o m  d a d c  t e s t ,  m i n e  4 .  A ,  B o l t  1 ;  B, 
b o l t  2 ;  C ,  b o l t  3. 
DISTANCE FROM BOLTHEAD, in 
Flgure A-5.-Remtts from plastic test, mlne 1. A, Bolt 1; B, 
bott 2; C, bolt 3; 0, bolt 4; E, bolt 5. 
0 6 12 18 24 30 36 42 
DISTANCE FROM BOLTHEAD, in 
Figure A-6.-Resub from plastic test, mlne 2 A, Bolt 1; B, 
bolt 2; C, bolt 3. 
0  6  1 2  1 8  2 4  3 C  3 6  4 2  
D I S T A N C E  F R O M  B O L T H E A D ,  i n  
F i g u r e  A - 7 . - R e s u l t 8  f r o m  p l a s t i c  t e s t ,  m i n e  3 .  A ,  B o l t  1 ;  8 ,  
b o l t  2 ;  C, b o l t  3 .  
0  6  
1 2  1 8  2 4  3 0  3 6  4 2  
D I S T A N C E  F R O M  B O L T H E A D ,  i n  
F i g u r e  A - 8 . - R e s u l t s  f r o m  p l a s t i c  t e s t ,  m i n e  4 .  
A ,  B o l t  1 ;  B ,  
b o l t  2 ;  C, b o l t  3. 
